**Research Highlights**

(1)*Morinda citrifolia* L. (Rubiaceae), known as noni, has been extensively used in folk medicine in Polynesia and tropical parts of eastern Asia and Australia, and contains some antioxidative or anti-inflammatory ingredients.(2)This study monitored the microtubule-associated protein-2, a major component of the cytoskeleton, and the upregulation of caspase-3 as detection indices to validate that noni and memantine protect against hydrocephalus-induced neurodegenerative disorders.(3)Memantine, a N-methyl-D-aspartate receptor inhibitor, has been used for the treatment of Alzheimer\'s disease. Results from this study demonstrate that memantine can alleviate hydrocephalus-induced neurodegenerative disorders.(4)Noni exhibits more obvious inhibitory effects on hydrocephalus-induced neurodegenerative disorder than memantine in periventricular tissue of the fourth ventricle.

INTRODUCTION {#sec1-1}
============

Hydrocephalus is a condition characterized by impaired secretion, circulation and resorption of cerebrospinal fluid, resulting in ventricular dilatation\[[@ref1]\]. This distortion has deleterious effects that include gliosis, inflammatory responses\[[@ref2]\], neurodegeneration\[[@ref3]\], axonal damage\[[@ref1]\], demyelination\[[@ref4]\], impaired cerebral blood flow\[[@ref5]\], and altered clearance of proteins\[[@ref6]\] and toxins\[[@ref7]\]. However, the mechanisms underlying these deficits are not fully understood\[[@ref2][@ref8]\]. Ventriculoperitoneal shunt placement is a worldwide accepted procedure for the treatment of hydrocephalus. Nevertheless, the shunt procedure has various complications. Common presentations of this complication are development of an abdominal mass, abdominal pain, and intestinal obstruction\[[@ref9][@ref10][@ref11]\]. In the several cases, shunt placement into the fourth ventricle is a widely used approach despite the well-known risks such as shunt dysfunction and dislocation. However, shunt placement does not reestablish the physiological drainage of the fourth ventricle\[[@ref12][@ref13][@ref14]\]. To the best of our knowledge, there are currently no drugs for the treatment of hydrocephalus. Further drug studies may prevent unwanted complications.

Programmed cell death, or apoptosis, occurs in response to many different environmental stimuli\[[@ref15][@ref16]\]. Caspase activation is the "point of no return" during programmed cell death\[[@ref17]\]. The presence of the activated form of caspase-3 marks the point of no return within the complex apoptotic signaling cascade\[[@ref18]\]. Caspase-3 has been implicated in neurodegenerative processes\[[@ref19]\]. Caspase-3 is a key protein involved in the classical apoptosis mechanism in neurons, as in many other cellular types\[[@ref20]\]. Studies of experimental models suggested that activated caspase-3 is a reliable indicator of apoptotic rate\[[@ref21][@ref22]\]. The programmed cell death mechanisms in hydrocephalus are generally unclear. There is also a limited number of animal studies in this field, but some evidence points towards apoptotic mechanisms contributing to hydrocephalus\[[@ref8][@ref23]\]. Caspase-3 activation has not been sufficiently investigated in hydrocephalic brains\[[@ref24]\].

Microtubule-associated protein-2 plays a significant role in neurite outgrowth\[[@ref25][@ref26]\] and plasticity of the nervous system\[[@ref27][@ref28][@ref29]\]. As downregulation of microtubule-associated protein-2 significantly increases vulnerability to insults, preservation of microtubule-associated protein-2 protein by antioxidants are associated with neuronal survival\[[@ref30][@ref31][@ref32]\]. Either central nervous system trauma or neurodegeneration leads to cytoskeletal alterations affecting microtubules and neurofilaments, in particular, the loss of microtubule-associated protein-2, a major component of the cytoskeleton\[[@ref33][@ref34][@ref35][@ref36][@ref37]\].

*Morinda citrifolia* L. (Rubiaceae, Noni), has been extensively used in folk medicine in Polynesia and tropical parts of eastern Asia and Australia\[[@ref38]\]. Noni juice has various pharmacological properties, including antioxidant\[[@ref39][@ref40][@ref41][@ref42][@ref43]\] and anti-inflammatory effects\[[@ref44][@ref45]\]. Thus, it is proposed that the antioxidative and anti-inflammatory properties of noni juice may provide a protective effect against the neurodegeneration caused by hydrocephalus.

Memantine is a N-methyl-D-aspartate receptor inhibitor that is neuroprotective and is approved for human use in the inhibition of neurodegeneration in Alzheimer\'s disease\[[@ref46][@ref47]\]. It is also currently under evaluation in clinical and experimental trials, for use as a treatment in a number of other neurodegenerative diseases\[[@ref48][@ref49]\]. This is the reason why memantine may prevent against neurodegenerative disorders caused by hydrocephalus. The aim of this study was to investigate the neuroprotective properties of noni and memantine using microtubule-associated protein-2 and caspase-3 immunoreactivity in the periventricular tissue of the fourth ventricle in hydrocephalic rabbits.

RESULTS {#sec1-2}
=======

Quantitative analysis of animals {#sec2-1}
--------------------------------

Twenty-four adult male New Zealand white rabbits were initially included in the study and divided into four equal groups: control, hydrocephalic, memantine-treated hydrocephalic and noni-treated hydrocephalic groups. Hydrocephalus was induced by kaolin injection into the cisterna magna of all animals with the exception of the control group, and memantine was given intraperitoneally at a daily dose of 20 mg/kg body weight and noni was given intragastrically 5 mL/kg for 2 weeks. All 24 rabbits were included in the final analysis.

MRI displayed ventricular dilatation after hydrocephalus induction {#sec2-2}
------------------------------------------------------------------

In MRI examinations, T2-weighted images of the brain in the coronal plane were obtained. MRI displayed ventricular dilatation 2 weeks after hydrocephalus induction ([Figure 1A](#F1){ref-type="fig"}). MRI of the control group showed normal ventricular structure ([Figure 1B](#F1){ref-type="fig"}).

![MRI of ventricular dilatation after hydrocephalus induction in rabbits.\
(A) An example of MRI displaying ventricular dilatation 2 weeks after hydrocephalus induction. Severe ventricular enlargement is apparent. (B) A typical MRI of a control rabbit revealing normal ventricular structure. The ventricles are indicated by arrows.](NRR-8-773-g001){#F1}

Microtubule-associated protein-2 immunoreactivity in periventricular tissue of the fourth ventricle after hydrocephalus induction in rabbits {#sec2-3}
--------------------------------------------------------------------------------------------------------------------------------------------

The changes in microtubule-associated protein-2 staining density in the periventricular region of hydrocephalus rats were evaluated. Semi-quantitative analysis of staining density of neurons in the periventricular tissue showed a significant reduction in immunoreactivity in the hydrocephalic group as compared with the control group (*P* \< 0.001; Figures [2A](#F2){ref-type="fig"}, [E](#F2){ref-type="fig"}). However, memantine and noni administration significantly enhanced microtubule-associated protein-2-immunopositive staining (Figures [2B](#F2){ref-type="fig"}, [C](#F2){ref-type="fig"}) in the hydrocephalic group (*P* \< 0.001). In the hydrocephalic group, administration of kaolin resulted in a loss of microtubule-associated protein-2 immunoreactivity that was particularly obvious in the periventricular tissue of the fourth ventricle ([Figure 2D](#F2){ref-type="fig"}). The reduction in microtubule-associated protein-2 immunoreactivity was largely eliminated in hydrocephalic rabbits after noni administration ([Figure 2E](#F2){ref-type="fig"}).

![Microtubule-associated protein-2 (MAP-2) immunoreactivity in the periventricular tissue of the fourth ventricle of rabbits after noni and memantine treatments.\
(A) In the control group, MAP-2 labeled neurons are indicated by arrowheads. The memantine-treated group (B) and the noni-treated group (C) showing MAP-2 staining in the periventricular tissue of the fourth ventricle (IV). (D) In the hydrocephalic group, there was a decrease in MAP-2 staining. Asterisks point to holes adjacent to the ventricular surface in the periventricular tissue. Scale bar: 100 μm. (E) Graph showing the percentage of MAP-2 antibody-stained area in relation to the whole area. *n* = 6 rabbits per group, values are expressed as the mean ± SEM, and were compared by one-way analysis of variance with the *post hoc* Tukey test. Noni-treated group *vs*. control group, memantine group, and hydrocephalic group, ^a^*P* \< 0.001; memantine group *vs*. control group and hydrocephalic group, ^b^*P* \< 0.001; hydrocephalic *vs*. control group, ^c^*P* \< 0.001.](NRR-8-773-g002){#F2}

Cell apoptosis in periventricular tissue of the fourth ventricle after hydrocephalus induction in rabbits {#sec2-4}
---------------------------------------------------------------------------------------------------------

Caspase-3 labeling showed negative or very few positive cell staining in the control group ([Figure 3A](#F3){ref-type="fig"}). There was a significant decrease in the number of caspase-3 labeled cells in the noni group when compared with the hydrocephalic group (Figures [3C](#F3){ref-type="fig"}, [E](#F3){ref-type="fig"}; *P* \< 0.001). In addition, the number of caspase-3 labeled cells in the noni group was significantly higher than that in the memantine group (*P* \< 0.001). However, the number of caspase-3 labeled cells was greatest in the memantine group ([Figure 3B](#F3){ref-type="fig"}; *P* \< 0.001). Hydrocephalus was characterized by severe ependymal damage, the development of holes directly adjacent to the ventricular surface in the periventricular tissue, and the formation of periependymal edema ([Figure 3D](#F3){ref-type="fig"}).

![Caspase-3 immunoreactivity in the periventricular tissue of the fourth ventricle of rabbits receiving noni and memantine treatment.\
(A) There was no anti-caspase-3 immunoreactivity in the control group. (B) There was a large number of caspase-3 labeled cells (arrowheads) in the memantine group. (C) There was a significant decrease in the number of caspase-3 labeled cells (arrowheads) in the noni group when compared with the hydrocephalic group. (D) In the hydrocephalic group, the decrease in the number of caspase-3 labeled cells (arrowheads) was probably due to rapid loss of apoptotic cells. Asterisks indicate developed holes in the periventricular tissue. IV: The fourth ventricle. Scale bar: 100 μm.\
(E) Graph showing the number of caspase-3-labeled cells in the periventricular tissue of the fourth ventricle. *n* = 6 rabbits per group and values are expressed as mean ± SEM. The one-way analysis of variance with the *post hoc* Tukey test was used. Noni group *vs*. control group, memantine group, and hydrocephalic group, ^a^*P* \< 0.001; memantine group *vs*. control group and hydrocephalic group, ^b^*P* \< 0.001; hydrocephalic *vs*. control group, ^c^*P* \< 0.001.](NRR-8-773-g003){#F3}

DISCUSSION {#sec1-3}
==========

Hydrocephalus is a common disorder of defective cerebrospinal fluid turnover\[[@ref50]\]. It is generally caused from a disturbance of production, flow, or absorption of cerebrospinal fluid, leading to an excessive accumulation of cerebrospinal fluid in the intracranial cavity of the brain\[[@ref8][@ref51]\].

Shunt surgery is a worldwide accepted procedure for treatment of hydrocephalus\[[@ref11][@ref51][@ref52]\]. However, shunt failure and complications are common and may require multiple surgical procedures during a patient\'s lifetime. Infection, obstruction, and overdrainage are the major causes of shunt malfunction resulting in shunt revision in hydrocephalic patients. Other causes include, but are not limited to, proximal shunt failure, distal shunt failure, shunt dysfunction, and valve problems. Many of these complications are believed to be directly related to surgical procedure and patient management\[[@ref52]\]. Thus, the management of hydrocephalus with multiple shunt failures is still a challenging problem in neurosurgery. Nevertheless, it appears that shunt surgery remains the best treatment option for hydrocephalic patients. Alternatively, improved outcomes may be achieved in these patients with the use of antibiotic impregnated shunts, which could help lower the infection rate for patients and minimize shunt complications. However, the high proportion of patients experiencing shunt failure after shunt placement is still a concern. For this reason, we aimed to determine whether noni and memantine may be effective as a potential treatment strategy for hydrocephalus.

Neuronal microtubules are known to be rapidly downregulated by almost all forms of trauma and neurodegenerative diseases, such as stress, injury, Alzheimer\'s disease, Parkinson\'s disease and Lewy body disease\[[@ref34][@ref37]\]. Central nervous system traumatic and neurodegenerative disorders lead to cytoskeletal alterations affecting microtubules and neurofilaments, in particular the loss of microtubule-associated protein-2\[[@ref33][@ref35]\]. The signs of neurodegenerative disorders are associated with marked loss or reduction in immunoreactivity for microtubule-associated protein-2. Loss of microtubule-associated protein-2 could lead to cytoskeletal changes and neuronal death in Alzheimer\'s disease\[[@ref34]\]. A loss of microtubule-associated protein-2 immunoreactivity also occurs in a variety of pathological conditions, such as exposure to excess calcium influx and calpain activation, N-methyl-D-aspartate-activation, oxidative stress, and dephosphorylation\[[@ref30][@ref34]\].

Several studies found that the monoclonal antibody against microtubule-associated protein-2 may recognize a determinant present in neurofibrillary tangles\[[@ref53][@ref54]\]. The microtubule-associated protein-2 monoclonal antibody could clearly mark neurofibrillary tangles in the most infected region of brain tissue of patients with Alzheimer\'s disease\[[@ref55][@ref56]\], and the polyclonal antibody may label abnormal neurites around senile plaques\[[@ref57][@ref58]\], suggesting that microtubule-associated protein-2 may be involved in the occurrence of neurodegenerative diseases caused by the neurotoxic effects of amyloid-β\[[@ref59]\]. During the progression of Alzheimer\'s disease, there is a mechanism which might interfere with the role of stable microtubules of microtubule-associated protein-2, leading to cytoskeletal changes and neuronal death, and the existence of certain factors that influence microtubule-associated protein-2 regulation of organelle transport\[[@ref34]\]. We also observed decreased microtubule-associated protein-2 immunoreactivity in the hydrocephalic group. These data suggest that loss of microtubule-associated protein-2 immunoreactivity indicates neurodegenerative disorders in the hydrocephalic group. Microtubule-associated protein-2 immunoreactivity in the noni and memantine groups seemed to be increased when compared with the hydrocephalic group. These data also suggest that noni and memantine may prevent neurodegenerative disorders in hydrocephalus.

Apoptosis plays a key role in central nervous system development, while in the adult brain it is involved in the pathogenesis of a number of diseases including neurodegenerative diseases and acute injury such as stroke\[[@ref60]\]. Neuronal apoptosis plays an important role in Alzheimer\'s disease pathogenesis, and caspases seem to be involved in some upstream pathological events\[[@ref61]\]. A preponderant role of the aberrant activation of intrinsic and extrinsic apoptotic pathways in Parkinson\'s disease pathogenesis has been suggested. The involvement of caspases 1 and 3 in apoptotic cell death has been proven using Parkinson\'s disease animal models\[[@ref60]\]. Caspases cause neurodegenerative disorders in a large number of different diseases. In addition, caspases are proteases that irreversibly commit a cell on the pathway of death. Once activated, they cleave a range of critical cellular proteins, setting the point of no return. Thus, the presence of active caspase-3 is a good indicator of apoptosis\[[@ref17]\]. Animal studies in hydrocephalus have shown that damage of neurons, axons, and oligodendrocytes is associated with apoptotic cell death\[[@ref1][@ref8][@ref62]\]. Deren *et al*\[[@ref8]\] observed changes in several genes involved in the apoptotic pathway whose interplay with other genes may result in an inflammatory response. Microarray analysis identified significant changes in the apoptosis pathway (10/69) genes.

Castejón\[[@ref62]\] reviewed the ultrastructural pathology of the cerebral cortex in human hydrocephalus and compared this with experimental hydrocephalus. Myelination delay and axonal and oligodendroglial cell damage were reported in both human and experimental hydrocephalus. The nerve cell death in congenital hydrocephalus is related to the severity of brain edema, anoxic-ischemic conditions of brain parenchyma, oxidative stress, glutamate excitotoxicity, calcium overloads, and caspase dependent and independent mechanisms\[[@ref62]\]. Felderhoff-Mueser *et al*\[[@ref63]\] determined the levels of soluble Fas, soluble FasL, and activated caspase-3 in the cerebrospinal fluid of preterm infants with posthemorrhagic hydrocephalus. They found that soluble Fas was higher in patients with posthemorrhagic hydrocephalus and non-hemorrhagic hydrocephalus than controls. Nevertheless, the pro-apoptotic factors soluble FasL and activated caspase-3 did not differ between infants with hydrocephalus and control infants. However, the authors concluded that apoptosis does occur in the brains of infants with hydrocephalus. They hypothesized that soluble FasL and caspase-3 were absent because hydrocephalus is a more chronic process, and also the levels of these proteins may be too low in the cerebrospinal fluid of infants with posthemorrhagic hydrocephalus to be detected by their methods\[[@ref63]\]. Therefore, caspase-3 immunohistochemistry was examined in the periventricular tissue of the fourth ventricle of noni- and memantine-treated hydrocephalic rabbits. We did not monitor apoptosis in specific cell types, but evaluated apoptosis in all cells in the periventricular tissue of the fourth ventricle of rabbits. We also examined neurodegeneration using microtubule-associated protein-2 immunoreactivity.

Recently, memantine prevented the deleterious effect of amyloid-beta 1--42 on synaptic plasticity and learning behavior in rats\[[@ref64]\]. A large number of studies using *in vitro* and *in vivo* animal models demonstrated that memantine protects cerebrocortical neurons, cerebellar neurons, and retinal neurons from N-methyl-D-aspartate receptor-mediated excitotoxic damage. Memantine has acute and longer term neuroprotective effects on markers of synapse development in the immature rat brain, and studies investigating its effect on other neurodegenerative disorders, including human immunodeficiency virus-associated dementia, Huntington\'s disease, amyotrophic lateral sclerosis, and depression\[[@ref48]\] are currently underway. We also found increased microtubule-associated protein-2 immunoreactivity in the memantine group as compared with the hydrocephalic group, whereas there was a significant increase in the number of caspase-3 labeled cells in the memantine group as compared with the hydrocephalic group. The decrease in the number of caspase-3 labeled cells was probably due to rapid loss of apoptotic cells in the hydrocephalic group. Therefore, enlarged extracellular space and edematous changes of the subependymal white matter were observed. Furthermore, several researchers suggested different mechanisms of neural cell death in hydrocephalus\[[@ref24][@ref62]\]. Apoptosis is partially controlled by the Fas/FasL system and a protease known as caspase-3\[[@ref24]\]. Neural cell death can also occur in relation with the severity of brain edema, anoxic-ischemic conditions of the brain parenchyma, oxidative stress, activation of N-methyl-D-aspartate receptors, calcium overload, and caspase dependent and independent mechanisms\[[@ref62]\]. This neuroprotective mechanism is most likely mediated by different neuroprotective pathways of memantine. Memantine is a partial noncompetitive antagonist of N-methyl-D-aspartate receptors. The blockade of N-methyl-D-aspartate receptor-mediated excitotoxicity can help preserve neuronal structure and function. N-methyl-D-aspartate antagonists cause adverse side effects ranging from memory dysfunction and psychotic reactions in humans to acute injury and/or death of neurons in the animal brain\[[@ref65]\]. Treatment with low doses of memantine protects against N-methyl-D-aspartate-induced toxicity *in vitro*\[[@ref66]\], as well as neurotoxicity and learning deficits in chemical lesion models and neurodegenerative disease models\[[@ref67][@ref68][@ref69]\]. However, high doses of memantine produced deleterious effects. Chronic treatment with a high dose (30 mg/kg) of memantine *in vivo* increased striatal neuronal degeneration in a Huntington\'s disease mouse model; thus, further investigations on the dose effect of memantine, especially in different neuronal types and brain regions, is warranted\[[@ref70]\]. N-methyl-D-aspartate receptors are most affected in Alzheimer\'s disease in the parietal and temporal cortex and other neuropathological changes associated with this disease are prominent in these regions as well.

The increased metabolism seen in the inferior parietal and temporal cortex with memantine treatment may be due to the N-methyl-D-aspartate receptor-mediated benefits in these specific regions, such as increased local synaptic activity\[[@ref71]\]. In conclusion, memantine may prevent the development of neurodegenerative disorders and apoptosis induced by hydrocephaly if used in appropriate low doses, but the pharmacological and molecular mechanisms should be fully explored.

Noni contains some antioxidative or anti-inflammatory ingredients\[[@ref44]\]. The anti-inflammatory effect of noni juice can be explained by the presence of flavonoid and coumarin molecules\[[@ref72]\]. In fact, the flavonoid and coumarin molecules induce their inhibitory effects on edema through the nitric oxide and prostaglandins E~2~ pathways\[[@ref38]\]. The anti-oxidant properties of noni juice are probably associated with the phenolic compounds iridoids and ascorbic acid\[[@ref38][@ref73]\]. The noni juice showed hypolipidemic and antioxidative effects on high-fat/cholesterol-dietary hamsters. It is proposed that the antioxidative\[[@ref43]\] and anti-inflammatory properties\[[@ref44][@ref45]\] of noni may provide a protective effect against neuronal damage caused by hydrocephalus. Image analysis showed that the staining density of microtubule-associated protein-2 following noni administration was greater than in hydrocephalic rabbits, indicating that noni reduced loss of microtubule- associated protein-2 immunostaining density. The number of caspase-3- labeled cells was lower in the noni group than in the memantine and hydrocephalic groups. Thus, the protective effect of noni was demonstrated using both caspase-3 and microtubule- associated protein-2 immunostaining on hydrocephalic model rabbits.

We quantified microtubule-associated protein-2 immunostaining density as a marker of changes to the neuronal cytoskeleton. Our results showed that memantine and noni inhibited apoptosis, and precluded the loss of microtubule-associated protein-2. Neurodegeneration following hydrocephalus was accompanied by changes in microtubule-associated protein-2 immunoreactivity, which was characterized as a decrease in microtubule-associated protein-2 immunostaining. Antigenic sites for microtubule-associated protein-2 are present in the dendritic tree\[[@ref74]\] and neuronal cell bodies\[[@ref30]\]. In the hydrocephalic rabbits, microtubule-associated protein-2 immunoreactivity dramatically decreased in the periventricular tissue. This finding suggests pronounced dendrite degeneration following hydrocephalus. In contrast, the memantine and noni groups showed significantly increased staining with microtubule-associated protein-2 compared with the hydrocephalic group. Hydrocephalic rabbits showed reduced immunostaining for microtubule-associated protein-2 in neurons, corresponding to cytoskeletal alteration and neurodegeneration, whereas memantine and noni treatment prevented the loss of microtubule-associated protein-2.

In conclusion, our results demonstrated the neuroprotective effects of noni and memantine upon periventricular tissue of the fourth ventricle in hydrocephalic rabbits, but further studies are needed to establish noni and memantine as candidate neuroprotective drugs for humans.

MATERIALS AND METHODS {#sec1-4}
=====================

Design {#sec2-5}
------

A randomized, controlled, animal experiment.

Time and setting {#sec2-6}
----------------

Experiments were performed from November 2009 to September 2011 at the Laboratory of Histology and Embryology, Faculty of Medicine, Kocaeli University, Turkey.

Materials {#sec2-7}
---------

Twenty-four male New Zealand white rabbits, weighing 3 ± 0.19 kg, aged 4--5 months, were provided by the Experimental Animal Center of Kocaeli University, Turkey. All experimental protocols were performed according to the *Guidance Suggestions for the Care and Use of Laboratory Animals* issued by the Ministry of Science and Technology of Turkey.

Noni was provided by Morinda International Inc., Thailand Branch. Product name: Tahitian Noni Original Concentrate. Ingredients: 100% concentrated noni fruit, total 30 mL, 1 fluid ounce.

Methods {#sec2-8}
-------

### Hydrocephalus induction {#sec3-1}

Animals were anesthetized by intramuscular injection of a mixture of ketamine (50 mg/kg) and xylazine (5 mg/kg). The neck of each animal was shaved and flexed, and a median occipitocervical junction incision was made. The occipital and cervical paravertebral muscles were dissected and the atlanto-occipital membrane was identified. An insulin injector of 23 G was introduced into the cisterna magna, 0.5 mL cerebrospinal fluid was removed under aseptic conditions, and 0.5 mL (500 mg/mL in 0.09 % (w/v) NaCl) kaolin suspension (kaolin hydrated aluminum silicate, K-7375, Sigma, St. Louis, MO, USA) was slowly injected into the cisterna magna in rabbits. The atlanto-occipital membrane was identified for sham-operated controls in the control group, and 0.5 mL cerebrospinal fluid was removed and then injected back into the cisterna magna. Animals were allowed to survive for 2 weeks.

Animals in the memantine group were intraperitoneally administered 20 mg/kg memantine (Ebixa^®^, Lundbeck Inc., Istanbul, Turkey) in distilled water, once per day, for 2 weeks. Animals in the noni group were intragastrically 5 mL/kg noni, once per day, for 2 weeks.

### MRI examinations {#sec3-2}

Cranial MRI were acquired from all animals using a Philips Intera 1.5 T MR (Philips, Best, the Netherlands) after 2 weeks to measure dilation in the ventricular system. The coronal slices from the fourth ventricle were obtained to verify ventricular dilation and development of hydrocephalus. MRI results revealed that one rabbit from the memantine group and one from the noni group failed to develop ventricular dilatation, and these animals were excluded from the study. Only rabbits with significant ventriculomegaly (severe ventricular enlargement) were used in this study.

### Brain tissue preparation {#sec3-3}

After 2 weeks, all experimental rabbits were perfused first with PBS under ethyl ether anesthesia, and then with buffered 4% (w/v) paraformaldehyde. Brains were dissected and postfixed in the same fixative. Following fixation, coronal blocks of the cerebellar cortex were embedded in paraffin and sectioned at 5 μm. The paraffin sections were used for microtubule associated protein-2 and caspase-3 immunostaining as described below. Serial cross-sections through the caudal part of the fourth ventricle and cerebellum were defined according to the *Stereotaxic Atlas of the New Zealand Rabbit\'s Brain*\[[@ref75]\]. Periventricular tissue of the fourth ventricle was taken within \~200 μm of ventricular wall\[[@ref76]\].

### Immunohistochemical staining {#sec3-4}

Paraffin sections were immunostained using the avidin-biotin peroxidase (mouse ABC staining system, sc-2017, Santa Cruz Biotechnology, Inc., Santa Cruz, CA, USA) and horseradish peroxidase-streptavidin method (for mouse and rabbit primary antibodies, KP-50DR, Diagnostic Bio Systems, Pleasanton, CA, USA) for the anti-microtubule-associated protein-2 mouse monoclonal (1:500 dilution; ab28032, Abcam, Cambridge, UK) and anti-caspase-3 rabbit polyclonal antibodies (1:50 dilution; CPP32, Diagnostic Bio Systems). The paraffin- embedded tissue slices were deparaffinized with xylene. The endogenous peroxidase activity was inhibited by incubation in 0.3% (v/v) hydrogen peroxide in methanol. The tissue slices were hydrated with graded alcohol, treated with 10% (v/v) normal serum, and then incubated with the primary antibodies at 4°C overnight. They were then incubated with biotinylated anti-mouse IgG or the biotinylated anti-rabbit IgG for 30 minutes at room temperature, then with avidin biotinylated horseradish peroxidase or streptavidin horseradish peroxidase in 10% (v/v) normal goat serum for 30 minutes at room temperature. The slices were then visualized using 3-amino-4- ethylcarbazole as the chromogen. Negative controls consisted of tissue sections incubated without primary antibody. Finally, the sections were mounted for quantitative analysis.

### Evaluation of microtubule-associated protein-2 staining {#sec3-5}

Images of the immunohistochemically stained sections for microtubule-associated protein-2 were captured with a Leica DFC290 HD color digital camera mounted on a Leica DM1000 microscope (Leica, Nussloch, Germany) using a 20 × objective and stored as Tagged Image File Format. Images were then analyzed with Image J software. In each image, the parameters measured by the image analysis program were the percentage of antibody-stained area in relation to the whole area.

### Counting of caspase-3 labeled cells {#sec3-6}

The presence of cells undergoing apoptosis was determined by immunohistochemical detection of caspase-3. We randomly selected four 200 × 200 μm^2^ fields in the three coronal sections of the periventricular tissue of the fourth ventricle for each rabbit. Caspase-3 labeled cells were counted.

### Statistical analysis {#sec3-7}

Statistical analysis was performed using the computer software program SPSS for Windows (SPSS, Chicago, IL, USA). Neuron counts and caspase-3 immunoreactivity values of the groups were analyzed by one-way analysis of variance with the *post hoc* Tukey test for intergroup comparisons. All *P* values less than 0.05 were considered to be statistically significant. The data were expressed as mean ± SEM.
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